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ABSTRACT
Recent years have seen a dramatic increase in monetary losses from hurricanes along the
U.S. coastline. The vast majority of the damage resulted from major hurricanes (Category 3-5),
with 2005’s Katrina, Rita, and Wilma producing an estimated $60 billion in insured losses alone
(Insurance Information Institute, 2008). In light of these record damages, it is crucial to have a
better understanding of the atmospheric and oceanic conditions that produce the most powerful
hurricanes.
Prior research has focused on interseasonal variability in tropical cyclones, but much less
attention has been devoted to intraseasonal variability. Maloney and Hartmann (2000a) showed
that hurricanes are four times more likely to form in the western Atlantic and Gulf of Mexico
when the Madden-Julian Oscillation (MJO) is in its “enhanced convection” phase. This study
follows the work of Maloney and Hartmann but focuses on intense tropical cyclones (Category
3-5).
Formation points of intense tropical cyclones were overlaid on plots of MJO indices
extending from the western Pacific to the eastern Atlantic. For each tropical season, tropical
cyclones were classified as having formed during favorable (enhanced convection), unfavorable
(suppressed convection), or neutral phases of the MJO. Chi-squared testing was performed to
determine the degree to which associations could be made between the MJO and tropical cyclone
variability in the Western Pacific (WPAC), Eastern Pacific (EPAC), and Atlantic (ATL) basins.
It was found that the MJO is not linked to overall tropical cyclone frequency variability in these
three basins. However, testing did reveal some significant associations through time.
These results do not corroborate those of Maloney and Hartmann (2000a). Two key changes
in methodology are the likely driving forces behind the differing results. First, this study uses an
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MJO index from the CPC based on 200 hPa velocity potential anomalies, while Maloney and
Hartmann (2000a) used an MJO index based on 850 hPa wind anomalies. Second, the study
period here is 1978 – 2006, while Maloney and Hartmann (2000a) used data from 1949 – 1997.
Future research should be conducted to examine the relationship between the MJO and tropical
cyclones in more detail.
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I. INTRODUCTION
Preliminary estimates from the Insurance Information Institute indicate that the 2004 and
2005 Atlantic hurricane seasons produced unprecedented monetary losses for the insurance
industry in the United States. Four hurricanes in 2004 – Charley, Frances, Ivan, and Jeanne – are
believed to have produced at least $23 billion in insured losses. In 2005, Katrina’s $38 - $45
billion in losses easily made it the costliest single natural disaster in U.S. history, while
Hurricanes Rita and Wilma produced an additional $13.4 billion in losses (Insurance Information
Institute, 2007). In light of these record damages and predictions that above-normal tropical
cyclone counts could continue for another 10 to 20 years or more (Goldenberg et al. 2001), it is
crucial to have a better understanding of the atmospheric and oceanic conditions that led to the
devastating 2004 and 2005 hurricane seasons for the United States.
Considerable scholarly attention has been devoted to the interseasonal variability in tropical
cyclone frequency. Dr. William Gray of Colorado State has been the leader in this field,
producing seasonal forecasts of Atlantic tropical cyclone activity since 1984. Gray is perhaps
best known for establishing a correlation between the El Niño/Southern Oscillation (ENSO)
phenomenon and tropical cyclone frequency in the Atlantic (Gray 1984a). Examples of other
predictors used by Gray and his colleagues for forecasting Atlantic tropical cyclone frequency
include: 500 hPa heights in the North Atlantic, sea level pressure (SLP) in the Gulf of Alaska,
500 hPa heights in western North America, the quasi-biennial oscillation (QBO), SLP in the
Caribbean, Gulf of Mexico, and southeastern U.S., and SLP in the northeast Pacific (Gray
1984a,b; Gray et al. 1984-2005; Gray et al. 1992; Gray et al. 1993; Gray et al. 1994; Landsea et
al. 1994). Two of Gray’s former students – Dr. Chris Landsea and Eric Blake – are now part of
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a team producing similar seasonal forecasts for the National Oceanic and Atmospheric
Administration (NOAA).
Interdecadal variability in tropical cyclone frequency has also been addressed in several
different contexts. The Pacific Decadal Oscillation (PDO) is a mode of climatological and
oceanic variability first identified by Steven Hare in 1996 while investigating patterns of salmon
production off the Alaska coast. The PDO will be described in detail in the section that follows.
Some researchers believe that a connection may exist between variability exhibited by the PDO
and tropical cyclone frequencies on interdecadal time scales. In investigating the relationships
between ENSO and Atlantic tropical cyclones, Lupo and Johnston (2000) noticed variability on a
time scale longer than can be attributed to ENSO and they suggested that this interdecadal
relationship may be a reflection of PDO influences.
The Atlantic component of the global thermohaline circulation has also been shown to
influence Atlantic tropical cyclones on interdecadal scales. The thermohaline circulation
transports warm water northward in the north Atlantic Basin, where it then sinks as it cools and
becomes more saline (when evaporation exceeds freshwater input from streams in that region),
and returns southward as part of the global conveyor belt of oceanic circulation (Figure 1.1)
(Broecker 1991). Gray et al. (1997) hypothesized that the strength of the Atlantic thermohaline
circulation regulates decadal trends in hurricane activity. Goldenberg et al. (2001) also
examined the influences of decadal sea surface temperature (SST) trends on tropical cyclone
frequency.
A relatively new science – paleotempestology – has begun to examine hurricane trends on
centennial to millennial scales. Paleotempestology examines past hurricane activity through
geological techniques and historical records. Several studies of paleohistorical hurricane trends
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along much of the Gulf Coast have already been conducted (e.g., Liu and Fearn 1993, 1997,
2000a,b; Fearn and Liu 1995).

Figure 1.1 Schematic of the global oceanic conveyor belt (modified from Broecker
1991; Intergovernmental Panel on Climate Change 2001)
Substantially less attention has been devoted to interseasonal variability in tropical cyclone
intensity. Even less scholarly work has focused on intraseasonal variability in tropical cyclone
frequency and intensity. A notable exception is the work of Landsea et al. (1998), which
examined the intraseasonal variability of the 1995 Atlantic hurricane season. However, Landsea
et al. (1998) seemed to link most of the variability of both frequency and intensity of tropical
cyclones with the same atmospheric and oceanic variables (e.g. vertical wind shear and SSTs)
that are considered important on interseasonal scales. Other factors that may impact the
intraseasonal variability of tropical cyclone frequencies and intensities include ocean eddies
(Black and Shay 1998; Shay et al. 2000) and a mode of climatic variability known as the
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Madden-Julian Oscillation (MJO; Maloney and Hartmann 2000a) to be described more fully in
the next section.
Maloney and Hartmann (2000a) established a correlation between MJO phases and tropical
cyclone frequencies in the Gulf of Mexico and western Caribbean. Their research showed that
tropical cyclones are four times more likely to form in these areas when the MJO is in a certain
(westerly) phase. They also noted that major hurricanes (Category 3-5 on the Saffir-Simpson
scale) show an even greater preference to form in these areas during the westerly phase, but fail
to provide any further details. This study aims to follow the methodology of Maloney and
Hartmann, but to expand by examining the MJO’s impact on Atlantic hurricane frequencies
across the entire Atlantic basin. Specifically, the project will seek answers to the following
questions:
1) Can specific MJO phases be linked to variability in major hurricane frequencies over
the Atlantic and Gulf of Mexico?
2) Can the MJO be more closely linked to variability in Atlantic hurricane frequencies in
certain parts of the basin?
3) Can the results of Maloney and Hartmann (2000a) be corroborated using a different
methodology and different MJO index?
Before atmospheric variability can be examined on an intraseasonal scale, it is important to
have an understanding of modes of climatic variability known as teleconnections that take place
on longer time scales. Wallace and Gutzler (1981) defined teleconnections as “significant
simultaneous correlations between temporal fluctuations in meteorological parameters at widely
separated points on earth.” Rogers et al. (2003) noted three teleconnection patterns – the
Southern Oscillation (SO), the Pacific-North American (PNA) pattern, and the North Atlantic
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Oscillation (NAO) – that seem to be important for explaining variability in a multitude of surface
environmental features in North America. In addition to those teleconnections, a brief overview
of the Arctic Oscillation (AO), the Pacific Decadal Oscillation (PDO), and the Quasi-biennial
Oscillation (QBO) will be provided here. A description of the MJO and discussion of the
research question will follow. Finally, a proposed method of study for examining possible links
between the MJO and major hurricane frequencies will be outlined.
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II. LITERATURE REVIEW
a. Arctic Oscillation (AO) and North Atlantic Oscillation (NAO)
The AO is a large-scale mode of climatic variability, sometimes also referred to as the
Northern Hemisphere annular mode or the NAO. Considerable debate in recent years has
focused on whether the AO and NAO are separate modes of climatic variability, or whether the
NAO is simply a regional reflection of the AO. Walker and Bliss (1932) first identified the
oscillation as a regional phenomenon. van Loon and Rogers (1978) and Hurrell (1995) offered
support for this teleconnection being designated a regional phenomenon named the NAO.
Wallace (2000) argued that the AO and NAO are inseparable, thus deeming them a single
phenomenon known as the Northern Hemisphere annular mode. Rogers and McHugh (2002)
showed that while the two modes of variability may be inseparable during the winter, rotated
principal components analysis (RCPA) results in separate modes of variability during non-winter
months. Rather than joining the ongoing debate, a simple discussion of the AO and NAO and
their impacts follows.
Thompson and Wallace (1998) first identified the AO as the leading mode of variability of
the extratropical Northern Hemisphere. While Thompson and Wallace (1998) first used
empirical orthogonal function (EOF) analysis of SLP anomalies to identify the mode of
variability, it is important to note that the AO is also apparent at other levels of the atmosphere.
The AO has been shown to be strongly correlated to the strength of the polar stratospheric vortex
(or circumpolar vortex), and circulation anomalies from this vortex have been shown to
propagate down to the Earth’s surface (Baldwin and Dunkerton 1999). The “high index” phase
of the AO is characterized by Wallace (2000) by below-normal Arctic SLP, anomalously strong
surface westerlies in the subpolar regions of the North Atlantic, and warmer-and wetter-than-
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normal resultant conditions in portions of northern Europe. By contrast, during the “low index”
phase of the AO, SLP is anomalously high in the Arctic, lower temperatures are experienced in
portions of eastern North America and Europe, and the primary storm track tends to shift
southward. As is apparent in the discussion of the NAO below, these high and low index
conditions are very similar to those shown to occur during the same phases of the NAO.
Walker and Bliss (1932) described the NAO as “the tendency for pressure to be low near
Iceland in winter when it is high near the Azores and southwest Europe.” Marshall et al. (2001)
supported this initial statement by noting that the NAO is essentially a pressure dipole that can be
approximated by the simultaneous behavior or the Icelandic Low and the Azores High. In fact,
the NAO is typically defined by an index of pressure differences between Iceland and the Azores
(Rogers 1984; Hurrell 1995). The most commonly used index is calculated using SLP data from
Lisbon, Portugal, and Stykkisholmur, Iceland (Hurrell 1995).
While Walker and Bliss were the first to identify the NAO, van Loon and Rogers (1978)
spurred new interest in the subject when they identified a “temperature seesaw” between
Greenland and northern Europe. van Loon and Rogers made use of temperature trends that were
first noted by missionaries in the 18th century. The authors showed that when winter
temperatures were below normal in Greenland, they tended to be above normal in Scandinavia,
and vice-versa. The discovery of this seesaw was not only important on local scales, but also
encouraged future research on regional climate impacts of the NAO.
The NAO has been shown to be responsible for fluctuations in temperature, precipitation,
and SLP from North America to Europe and the Mediterranean (Marshall et al. 2001). Shifts in
both wind patterns and storm tracks can have significant impacts on regional climate. During
“high index” winters, the anomalously strong westerly winds onto Europe and northward shift of
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the mean storm track produce warmer- and drier-than-normal winters over central and southern
Europe, the northern Mediterranean, and western portions of North Africa. At the same time,
conditions are generally cooler- and wetter-than-normal from Iceland to Scandinavia (Marshall
et al. 2001) (Figure 2.1). During “low index” winters, the pressure dipole (from Iceland to the
Azores) is weaker. The resultant storm track is farther south, with a general reversal of climatic
anomalies from eastern North America to Europe and the Mediterranean. During these winters,
conditions are generally cooler- and wetter-than-normal in eastern North America, central and
southern Europe, and the Mediterranean (Figure 2.2). Climatic anomalies are most prominent
during the winter since the NAO has been shown to be most pronounced in both strength and
areal coverage during the December – March period (Marshall et al. 2001) when pressure
gradients are strongest due to a maximized equator-to-pole gradient in incoming solar radiation.

Figure 2.1 Typical NAO impacts during “high index” winters (Lamont-Doherty Earth
Observatory 2008a)
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Figure 2.2 Typical NAO impacts during “low index” winters (Lamont-Doherty Earth
Observatory 2008b)
The NAO has been shown to be the primary mode of climatic variability over the North
Atlantic. Rogers (1990) found that the NAO accounts for the largest amount of interannual
variability in monthly SLP in eight months of the year. Marshall et al. (2001) stated that the
NAO is the “key and primary source of variability for North Atlantic climate on many time
scales.” Finally, Hurrell (1996) showed that the NAO and SO (discussed later) explained nearly
half of the interannual variance in hemispheric extratropical temperatures.
Temporal trends in the NAO have also been examined by several researchers. Spectral peaks
of the oscillation were shown at approximately 24, 8, and 2.1 years by both Hurrell and van Loon
(1997) and Cook et al. (1998). While numerous studies have identified the importance of the
NAO on interannual scales, Hurrell (1995) discovered decadal trends. Generally speaking, the
NAO has been in a high index pattern during most of the post-1980 months. The persistence of
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this high index pattern has led some to question the possible connections between the NAO and
global warming. However, when one considers the decadal shifts in climate that Hurrell (1995)
showed through the use of Greenland ice-core data, it becomes difficult to draw any conclusions
on possible connections between global warming and the persistent “high index” pattern of the
NAO.
Connections between the NAO and Atlantic hurricanes have been established in previous
research. Elsner et al. (2000) showed that U.S. hurricane landfall locations show a relationship
to NAO phases. Specifically, they showed that during “excited phases” [high index patterns],
major hurricanes are more likely to recurve in the Atlantic, lessening the probability of a landfall
along the Gulf Coast. During “relaxed phases” [low index patterns], the opposite is true, with
the Gulf Coast having a higher likelihood of a major hurricane landfall. Elsner et al. (2000)
reasoned that these trends are a reflection of the strength of the subtropical (or Bermuda) high in
the Atlantic. Jagger et al. (2001) found that when a mature La Niña is coincident with a weak
NAO, the likelihood of a major hurricane landfall along the central Gulf Coast is increased.
b. El Niño/Southern Oscillation (ENSO)
The ENSO phenomenon is a complex ocean-atmosphere mode of climatic variability in the
Pacific Ocean that has been shown to have global climate impacts (Ropelewski and Halpert
1989; Kiladis and Diaz 1989). El Niño (La Niña) represents the oceanic component of ENSO
characterized by warm (cold) SST anomalies in the central and eastern tropical Pacific Ocean.
The SO is the atmospheric component of ENSO characterized by an oscillation between high
(low) SLP anomalies across the tropical western Pacific basin and low (high) SLP anomalies
across the tropical central and eastern Pacific basin.
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ENSO has been well-known, but not well-understood, for centuries. Peruvian fishermen
were the first to coin the term El Niño. They used it to refer to the warm current of water that
often appeared along the Peruvian and Ecuadorian coastlines near Christmas (hence the term El
Niño, meaning, “the Christ child”) (Trenberth 1997). In recent years, it has become apparent
that El Niño is better defined by SST anomalies that extend across much of the equatorial Pacific
(Trenberth 1997).
Walker (1928) was the first to identify the atmospheric component of ENSO known as the
SO. During the 1920s, he noted an oscillation in SLP between the eastern and western Pacific.
Walker and Bliss (1932) first quantified this oscillation by constructing the Southern Oscillation
Index (SOI). The original SOI was calculated using several different meteorological variables at
a number of stations. In more recent years, the generally accepted version of the SOI has been
calculated using only the difference in SLP at two points – Tahiti and Darwin, Australia
(Trenberth 1997). Amazingly, it was not until 1969 when Bjerknes was the first to propose that
the oceanic (El Niño/La Niña) and atmospheric (the SO) modes of variability in the Pacific were
linked.
The typical state of the ocean-atmosphere system in the Pacific features persistent easterly
trade winds that lead to a “pooling” of warmer waters in the western Pacific (Figure 2.3). The
east-to-west transport process then results in upwelling of cooler sub-surface waters along the
South American Pacific coast. Low SLP/ascending air accompanies this SST pattern in the west,
while higher SLP/descending air occurs in the east. Bjerknes (1969) termed this atmospheric
circulation pattern the “Walker circulation.”
El Niño is characterized by higher-than-normal SSTs and lower-than-normal atmospheric
pressure in the eastern Pacific (Figure 2.4). El Niño events take place when the typical easterly
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trade winds slacken and warmer water is allowed to move from west to east across the equatorial
Pacific. The result is a shift in the atmospheric circulation that allows for increased convection
in the central and eastern Pacific.
La Niña, on the other hand, is simply an amplification of the “usual” ocean-atmosphere state
in the Pacific. Anomalously strong easterly trade winds increase the east-to-west transport of
water across the equatorial Pacific, strengthening the coastal upwelling near South America and
resulting in even lower SST anomalies than usual in the eastern Pacific (Figure 2.3).

Figure 2.3 Schematic of the typical ocean-atmosphere state in the Pacific
(NOAA/PMEL/TAO, 2008a)
Much research has been undertaken on the correlations between El Niño/La Niña and tropical
cyclone frequencies, particularly in the Atlantic basin (e.g., Gray 1984a; Bove et al. 1998; Pielke
and Landsea 1999). Gray (1984a) was the first to show that El Niño events typically are
associated with fewer hurricanes in the Atlantic basin. He showed that the decrease in hurricane
frequency was related to physical processes associated with El Niño (increased upper-level wind
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Figure 2.4 Schematic of the ocean-atmosphere state in the Pacific during El Niño events
(NOAA/PMEL/TAO, 2008b)
shear, for instance). Bove et al. (1998) reanalyzed hurricane data from 1900 – 1997 and found
that while the probability of two or more hurricanes making landfall in the U.S. during an El
Niño year is only 28 percent, the probabilities are significantly higher for neutral-phase years (48
percent) and La Niña years (66 percent). They showed similar numbers for major hurricanes,
stating that, “the mean annual number of major U.S. [landfalling] hurricanes is 0.23 for El Niño,
0.68 for neutral conditions, and 0.95 for El Viejo [La Niña] conditions.” Given their results, it is
not at all surprising that Pielke and Landsea (1999) found that U.S. hurricane damages rise
significantly during La Niña years.
c. Pacific/North American (PNA) Pattern
The Pacific/North American (PNA) pattern is another prominent mode of climatic variability
during the Northern Hemisphere winter. Wallace and Gutzler (1981) were the first to name the
pattern that had been identified in some form or another by several other atmospheric scientists.
Allen et al. (1940) were perhaps the first to note a SLP dipole with centers of action located
13

south of the Aleutian Islands and over the western United States. Today, the PNA pattern is
identified using geopotential height anomalies, usually either at 500 hPa or 700 hPa. Height
anomalies of the same sign are located south of the Aleutian Islands and over the southeastern
U.S., while corresponding height anomalies of opposite sign are found near Hawaii and western
North America (Wallace and Gutzler, 1981).
Like the AO and NAO, the PNA pattern has two phases. During the so-called positive phase,
negative height anomalies are located near the Aleutian Islands and southeastern U.S. centers of
action, while positive height anomalies are located near the Hawaiian and western North
American centers of action (Wallace and Gutzler, 1981). The resultant pattern is meridional –
meaning that troughs and ridges are accentuated, and atmospheric flow patterns have a strong
north-south or south-north component. In the U.S., a positive phase PNA pattern typically
results in warmer- and drier-than-normal conditions for the West, while much of the Southeast is
cooler- and wetter-than-normal (Yin 1994). During a negative phase PNA pattern, the troughridge configuration is generally much more zonal – meaning the upper-air flow is primarily westto-east. In this instance, the temperature and moisture anomalies are generally opposite of those
which occur during the positive phase.
Potential connections between the PNA pattern and Atlantic tropical cyclone frequencies are
not yet well-understood. However, Randel (2004) noted that ENSO can modify North American
climate through the PNA pattern. Given that the connections between ENSO and tropical
cyclone frequencies in the Atlantic are well-established, it seems quite possible that future
research may discover a link between the PNA pattern and Atlantic tropical cyclone activity. A
positive (negative) phase PNA pattern is generally linked to El Niño (La Niña) – like conditions,
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leading to the hypothesis that Atlantic hurricane frequencies may be decreased (increased) during
these times. Further research will be necessary to examine the validity of this hypothesis.
d. Pacific Decadal Oscillation (PDO)
The PDO is defined as the leading mode of SST variability in the Pacific north of 20°N
(Mantua et al. 1997). The PDO is widely considered to be a similar mode of climatic variability
to ENSO, but it occurs on longer time scales (Zhang et al. 1997; Mantua et al. 1997; Gershunov
and Barnett 1998; McCabe and Dettinger 1999). Despite the similarities between the PDO and
ENSO, Mantua and Hare (2002, p. 36) identified three differences between the two modes of
climatic variability:
1)

“20th century PDO events persisted for 20-to-30 years, while typical ENSO events
persisted for 6 to 18 months,”

2)

“the climatic fingerprints of the PDO were most visible in the extratropics,
especially the North Pacific/North American sector, while secondary signatures
existed in the tropics, and the opposite was true for ENSO,”

3)

“the mechanisms causing PDO variability were not known, while causes for
ENSO variability were relatively well-understood.”

During the “warm” phase of the PDO, SSTs are anomalously high along the west coast of
North America and anomalously low in the central North Pacific. SLP anomalies occur
simultaneously, with anomalously low pressures in the North Pacific and anomalously high
pressures in western North America and the subtropical Pacific (Hare et al. 1999). In general, a
“warm” phase PDO results in El Niño-like anomalies (though generally not as extreme) during
winter months – warmer- and drier-than-normal conditions in the southern United States. A
“cool” phase PDO produces La Niña-like impacts, with generally opposite anomalies (Mantua
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and Hare 2002). A number of other studies have found similar results for other parts of the
world (Zhang et al. 1997; Garreaud and Battisti 1999; Power et al. 1999a,b). During the past
century, the PDO was generally considered to be in a “cool” phase from 1890 to 1924 and from
1947 to 1976, while “warm” phase conditions dominated from 1925 to 1946 and from 1977
through at least the mid-1990s (Mantua and Hare 2002).
As Mantua and Hare (2002) noted, one of the key differences between ENSO and the PDO is
the temporal scales on which the two phenomena occur. In general, ENSO is considered an
interannual mode of climatic variability, while the PDO is considered an interdecadal mode of
variability. Using differing statistical techniques, several researchers have independently found
similar periodicities for the PDO. Minobe (1999, 2000) identified reoccurrences of the PDO on
scales of 15-to-25 years and 50-to-70 years. Chao et al. (2000) found spectral peaks at 15-to-20
years and near 70 years. Going farther back in time, Minobe (1997) and Fritts (1991) examined
tree-ring data and found similar climate oscillations with a 50-to-70 year periodicity.
The connections between the PDO and tropical cyclone frequencies are still tenuous, but
researchers have found some interesting links. Lupo and Johnston (2000) found that the reduced
(increased) Atlantic tropical cyclone activity during El Niño (La Niña), identified by Gray
(1984a), was also related to interdecadal variability in ENSO that they believed to be related to
the PDO. On the other hand, Zuki and Lupo’s (2008) examination of tropical cyclone
frequencies in the South China Sea found similar connections to ENSO, but they were unable to
find any significant correlations between tropical cyclone frequencies and the PDO in this
region. Given the well-established effects of ENSO on tropical cyclone frequencies in many
parts of the world, further research on possible ties to the PDO is necessary.
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e. Quasi-biennial Oscillation (QBO)
The QBO was first identified during the early 1960s when studies by Reed et al. (1961) and
Veryard and Ebdon (1961) independently identified temporally-alternating easterly and westerly
stratospheric winds at equatorial latitudes. The QBO has been shown to have connections to
such atmospheric variables as temperature and rainfall in eastern Africa (Ogallo 1979) and Brazil
(Chu 1984), and tropical cyclone frequencies in the Atlantic (Gray 1984a), the southwest Indian
Ocean (Jury 1993), and the western North Pacific (Chan 1995).
Considerable strides have been made in understanding the QBO and its role in climatic
variability, but many questions remain. A few aspects of the QBO that are well-established are:
1)

Holton and Lindzen (1972) showed that the easterly and westerly phases of the
QBO alternate on temporal scales ranging from 24 to 30 months. More
specifically, Fraedrich et al. (1993) showed that the shortest oscillation is close to
20 months, the longest is 36 months, and the mean is 28.2 months.

2)

The easterlies and westerlies associated with the QBO propagate downward
(Holton and Lindzen, 1972), with the westerlies generally descending quicker and
more regularly than the easterlies (Naujokat 1986).

3)

The QBO impacts tropical cyclone frequencies in several basins; Atlantic
hurricanes are more frequent during westerly QBO phases and less frequent
during easterly phases (Gray 1984a); tropical cyclone frequencies in the northwest
Pacific also increase during westerly QBO phases (Chan 1995); however, tropical
cyclone frequencies increase in the Indian basin during easterly QBO phases.
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f. Madden-Julian Oscillation (MJO)
Roland Madden and Paul Julian – the namesakes of the MJO – stumbled upon the oscillation
in 1971 when analyzing zonal wind anomalies in the tropical Pacific. The researchers were
examining daily rawinsonde data at Canton Island (3°S, 172°W) when they noticed an oscillation
in several atmospheric variables, including zonal winds at 850 hPa and in the upper troposphere,
and station pressures (Madden and Julian 1971). The MJO is the dominant mode of
intraseasonal variability in the tropics and has periods of 30-60 days (Madden and Julian 1994).
Because of its varying periodicities, it is also sometimes referred to as the 30-50 day
(Krishnamurti and Subrahmanyam 1982), 30-60 day (Weickmann et al. 1985), or 40-50 day
(Madden and Julian 1971) oscillation.
The MJO involves fluctuations in wind, SST, rainfall, and cloudiness, but Gruber (1974) was
the first to provide evidence of eastward-moving cloud clusters associated with the oscillation.
Madden and Julian (1971, p. 708) provided the following observation of their new discovery,
“Summarizing the most fundamental characteristics of the oscillation evident from an
analysis of Canton’s record, we conclude that it can best be described as [a] large
circulation cell oriented in zonal planes rather than as a propagating wave.”
Building on Gruber’s (1974) discovery, the use of outgoing longwave radiation (OLR) data
has become the standard for tracking the MJO’s progress (Knutson et al. 1986; Nakazawa 1988).
Because tropical rainfall is generally convective and convective cloud tops are cold, use of
satellite observations makes it rather simple to track the progress of these temperature-derived
OLR anomalies and the MJO.
Rui and Wang (1990) were the first to show that the main formation region for the
convective clusters identified by Gruber (1974) was the west-central equatorial Indian Ocean.
Once these convective clusters or circulation cells form, they propagate eastward across the
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Pacific and often into the Atlantic. The mechanisms behind this eastward movement are still not
well-understood. It is also noteworthy that the OLR anomalies typically become more difficult
to track once the oscillation moves into the Atlantic (Madden and Julian 1994). While one might
expect the impacts of the MJO to be confined to the tropics, Anderson and Rosen (1983) showed
that some effects of the oscillation can be seen propagating to the midlatitudes. For example,
Yasunari (1979) was the first to relate the MJO to the Indian monsoon. In more recent years,
Lawrence and Webster (2001) have also related the oscillation to the south Asian monsoon,
while several others have investigated the MJO’s connections to precipitation patterns in North
America (Mo and Higgins 1998; Mo 1999, 2000; Jones 2000).
The MJO and its connections to tropical cyclone frequencies have garnered a great deal of
attention over the past decade. Virtually every tropical basin has a relationship established
between the MJO and tropical cyclone frequencies. In general terms, most of the studies show
that when the MJO is in its convectively-active phase in a given region, tropical cyclone activity
is enhanced. When the MJO is in its reduced-convection phase, the opposite is true.
Liebmann et al. (1994) were the first to establish this relationship for the Indian and western
Pacific basins, noting that cyclonic vorticity and divergence anomalies westward and poleward
of the MJO circulation cells seem to be the driving forces behind increased tropical cyclone
activity. Courtney (2005) showed that of the 18 tropical cyclones that formed in the South
Pacific and southeast Indian Ocean between December 2002 and June 2003, 13 could be
associated with convectively active phases of the MJO. Padgett (2004) noted that an active
MJO, along with a well-established monsoon trough, aided in the development of five typhoons
in the western North Pacific during June 2004.

Hall et al. (2001) found similar results for the
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Australian basin, but also noted that the relationship between the MJO and tropical cyclone
activity was even stronger during El Niño events.
Maloney and Hartmann (2000a,b, 2001) and Hartmann and Maloney (2001) related tropical
cyclone frequencies in both the eastern and western Pacific to phases of the MJO. Specifically,
when 850 hPa wind anomalies are westerly in the Pacific, the MJO is generally in its enhancedconvection phase and Pacific tropical cyclogenesis is more likely (Hartmann and Maloney 2001).
Maloney and Hartmann (2000a) found similar results for the Gulf of Mexico and western
Caribbean.

The opposite is true when 850 hPa wind anomalies are easterly.

The record-setting 2005 Atlantic hurricane season has also been tied to the MJO. Shein et al.
(2006) described extended periods of anomalous upper-level convergence in the central Pacific
that resulted in a stronger 200 hPa ridge in the western Atlantic. The strengthened 200 hPa ridge
provided conditions more favorable for tropical cyclone development in the Atlantic, with Shein
et al. (2006) noting that 10 of the season’s 15 hurricanes formed during such periods.

Shein et

al. stated that some of the shorter-period enhancements in upper-level convergence over the
central Pacific are likely related to the MJO. The authors also attributed a somewhat quieter
stretch in the Atlantic during the first half of August to a reversal of the MJO pattern in the
Pacific.
Collectively, these studies support the notion that tropical and extratropical teleconnections
exert an influence on the variability in frequency of mesoscale and regional-scale phenomena,
including tropical cyclones. But because the relationship between tropical cyclones and the
tropical MJO is known to exist but hypothesized to be more complex than previous studies have
indicated, the MJO will be the focus of the thesis. As possible influences of other
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teleconnections are identified, they will be noted. Chapter III will provide an overview of the
data and methods that are used to support the hypotheses described in Chapter I.

21

III. DATA/METHODS
To investigate the connections between the MJO and tropical cyclone frequency variability in
the western Pacific (WPAC), eastern Pacific (EPAC), and Atlantic (ATL) basins, plots of MJO
indices in pentad format from 1978 – 2006 were generated using the National Center for
Atmospheric Research (NCAR) Command Language (NCL). MJO indices were obtained from
the Climate Prediction Center (CPC, 2007) for 10 different longitudes located in the tropical
Pacific and Atlantic -- 20°E, 70°E, 80°E, 100°E, 120°E, 140°E, 160°E, 120°W, 40°W, and
10°W. The CPC’s MJO index has seen increased use in recent years, appearing in studies
correlating the MJO to the severity of cold events in southern Brazil (Schneider et al. 2006), dry
season storminess in Florida (Hagemeyer and Almeida 2004), variability in upper tropospheric
humidity (Ryoo et al. 2008), and variability in western hemisphere tropical cyclone activity
(Barrett and Leslie 2008). It has also shown utility in climate forecast applications (Zhang et al.
2007).
NCL is a programming language developed by researchers at NCAR primarily for the
analysis of atmospheric data. The language is capable of reading in many different data formats,
including netCDF, HDF4, HDF4-EOS, GRIB, binary, and ASCII data. Since the language can
handle many standard data formats, it has the potential of being used in numerous other fields
and applications outside of the atmospheric sciences. NCL can be run on several different
platforms, such as: AIX, IRIX, Linux, MacOSX, and Dec Alpha. However, to run the language
on a Windows platform, one must either partition a hard drive and install Linux, or run a Linux
emulator known as Cygwin.
In addition to mapping of standard weather and climate data, NCL can perform many
different types of statistical analyses and output maps of the results. Most of the statistical
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techniques are accomplished through the use of pre-written “NCL functions”, but programmers
can write formulas and methods within the code itself. Statistical analyses and techniques that
can be performed through NCL include: averages, standard deviations, correlations, regressions,
filters, empirical orthogonal functions (EOFs), Fourier coefficients, singular value
decomposition, spectral analysis, and wavelet analysis.
The MJO indices used to generate the plots in this study were obtained in ASCII format from
the Climate Prediction Center (2008).

The CPC indices were generated by applying extended

EOF analysis to 200 hPa velocity potential (CHI200) anomalies in pentad format from 30°N to
the equator. Anomalies are only used from ENSO-neutral and ENSO-weak winters as classified
by the CPC (2008). The MJO indices used in this study are “the minus projection of the pentad
CHI200 anomalies onto the ten time-lagged patterns of the first EEOF of pentad CHI200
anomalies.” (CPC, 2008) The CHI200 anomalies are based on the period 1979 – 1995, and each
MJO index is normalized by its standard deviation during ENSO-neutral and ENSO-weak
winters during the period 1979 – 2000.
The NCL script used to create the plots for this study contained eight sections: “data ingest”,
“date labels”, “polymarkers”, “first x-axis plot resources”, “second x-axis plot values”, “second
x-axis plot resources”, “polymarker resources”, and “create plot”. The data ingest section, as the
name implies, is the part of the script that directs NCL to the file containing the MJO indices
obtained from CPC. In this section, two files are actually referenced – the ASCII file containing
the index values and a second text file that simply contains longitudes corresponding to the
indices. The script directs NCL to assign the appropriate longitude values from the text file to a
corresponding column in the ASCII file.
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The date label section takes the numerical date values from the ASCII file of the format
YYYYMMDD and translates them into a format that is easier to read on the finalized plots (i.e.
20060702 translates into 02JUL2006). The text equivalents of the numerical month values are
achieved through the use of an if-then loop.
The polymarkers section defines the location of points plotted on top of the MJO index
contours. Points are added to the plots to represent the longitudes and times at which tropical
cyclones achieved “major” status (Category 3-5). NCL allows the user to choose from a number
of different polymarker styles; in this study, triangles are used for WPAC tropical cyclones,
squares for the EPAC, and dots for the ATL. Chapter IV provides an analysis of the importance
of the major tropical cyclone formation points relative to the corresponding MJO indices
displayed on the plots.
The first x-axis plot resources section defines the overall look of the plot. The appearance of
a number of plot elements is defined within this section, including: contour colors, contour
spacing, contour lines, contour labels, x-axis labels, and fonts appearing on the plots. In most
cases, NCL provides default settings, depending on the plot type, but the user can customize the
appearance of plots through the use of NCL “resources”. To display all ten longitudes
represented by the different MJO indices from CPC, it was necessary to rotate the x-axis labels
90° to a vertical orientation.
Whereas the polymarkers section defines the location of major tropical cyclone formation
points, the polymarkers resources section defines the size, color, and look of the points plotted by
NCL. NCL provides 16 different polymarker types to choose from, but as of version 4.2.0.a030,
users can also create custom polymarkers. For the purposes of this study, three existing
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polymarker types – filled squares, triangles, and circles (or dots) – will suffice in delineating
tropical cyclones in each basin of interest.
The create plot section pulls all of the scripting together and actually generates the final plots.
Within this section, the plot type is defined as Hovmueller (time vs. longitude), the overall color
scheme is determined, and NCL is directed to produce a layered plot. The bottom layer contains
the contours and all text, and the top layer contains the polymarkers.
Major tropical cyclone formation points, reflected by the polymarkers on the plots, were
obtained from two different sources: the Atlantic Oceanographic and Meteorological Laboratory
(AOML) / Hurricane Research Division (HRD) for Atlantic tropical cyclones and Unisys for
WPAC and EPAC tropical cyclones. The AOML Atlantic hurricane database (or HURDAT) is
available for download online (Hurricane Research Division, 2008) and extends back to 1851.
The Unisys database is also available online (Unisys, 2008) and extends back to 1945 for the
WPAC and 1949 for the EPAC. However, because MJO indices are only available since 1978,
this study focuses on major tropical cyclone formation points in the three basins during the same
time period.
HURDAT was downloaded and then imported into a spreadsheet for further analysis. By
applying filters within the spreadsheet, a list of major hurricanes forming during the study period
was obtained. Each major hurricane formation point was then superimposed on the MJO indices
for its corresponding year.
Scientists at HRD have begun a reanalysis of the HURDAT dataset to account for some
known biases and errors. Over 5,000 adjustments have been made to the dataset for the period
from 1851 to 1910, but our period of interest has yet to be analyzed, except for Hurricane
Andrew in 1992. HRD researchers noted several reasons for the reanalysis (HRD, 2008):
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1)

HURDAT contained errors that were both systematic and random that could be
corrected

2)

Changing analysis techniques for tropical cyclones with time led to historical
biases in the dataset

3)

The exact timing, location, and intensity of tropical cyclones at landfall was often
vague or missing

4)

Researchers discovered a number of previously undocumented tropical cyclones,
particularly in the late 19th and early 20th centuries

As it pertains to this study, points (1) and (2) above must be acknowledged, but uncertainty in
determining the intensity of tropical cyclones (3), particularly those well-removed from land, is
also a known weakness. It is assumed that point (4) is not problematic in this study because the
period of record only dates back to 1978 and any major hurricanes were likely captured by
satellite or aircraft reconnaissance. As in any empirical study, some caution should be exercised
in the interpretation of results because of the data limitations.
The WPAC tropical cyclone archives contained on the Unisys website consist of data
obtained from the Joint Typhoon Warning Center. Data are provided in 6-hour intervals and
contain latitude, longitude, date/time, maximum winds (knots), central pressure (when available),
and cyclone status (depression, tropical storm, typhoon, etc.). While a temporal resolution of six
hours will cause some inaccuracies in the determination of the location at which storms reached
hurricane or major hurricane status, it is generally acceptable for the purpose of this research.
The EPAC tropical cyclone archives contained on the Unisys website consist of data obtained
from Colorado State University and the Tropical Prediction Center (TPC). Data are provided in
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6-hour intervals and contain latitude, longitude, date/time, maximum winds (knots), central
pressure (when available), and cyclone status.
Chapter IV provides the plots of MJO indices and the points at which tropical cyclones
attained major status, along with an analysis of the results.
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IV. RESULTS AND DISCUSSION
The MJO throughout the tropical cyclone seasons from 1978 through 2006, along with the
longitude at which tropical cyclones reached major hurricane/typhoon (or hurricane/typhoon)
status, are shown in Figures 4.1.1 – 4.2.29. Each storm was categorized as having occurred
during “high convection” (MJO < -1.0; blue in Figures 4.1.1 – 4.2.29), “low convection” (MJO >
1.0; red in Figures 4.1.1 – 4.2.29), or “neutral” MJO phases. Chi-squared tests were performed
(Table 4.1) to determine whether the MJO exerts a statistically significant influence on tropical
cyclone frequency variability in the Atlantic basin. This test was chosen for two primary
reasons. First, the categorization of the MJO into discrete phases (enhanced, suppressed, or
neutral) in a manner in which the public is exposed to the phases of the Southern Oscillation (El
Niño, La Niña, and La Nada) necessitated the non-parametric approach. Second, the exact MJO
index values were not available for specific tropical cyclone formation points; instead, Figures
4.1.1 – 4.2.29 were merely used to discern the category. Furthermore, even if the MJO index
values were available, it is possible that they may not be distributed normally, thus potentially
violating one of the key assumptions of inferential statistical methods. The only assumption
being made here is that we are examining a random sample.
This study was conducted to determine whether the results of Maloney and Hartmann (2000a)
could be corroborated, but it also expanded on their work by segregating tropical cyclones into
“major” (Cat. 3-5) storms, by providing more in-depth analysis by basin, and by expanding the
number of storms in the analysis.
a. MJO and Cross-basin Associations
Initial chi-squared tests reveal that MJO phase is not linked to basin-wide (ATL, EPAC, and
WPAC) shifts in frequencies of major tropical cyclones. While numerous prior studies have
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established links between the MJO and tropical cyclone variability in each of these basins, a pvalue of 0.38 in our chi-squared test reveals no significant association at first glance. Thus, it
appears that other factors must be at work in allowing tropical cyclones to reach major storm
status.
However, a closer look at the tropical cyclone frequencies indicates that a couple of factors
may be influencing this initial result. First, 75 percent of the major tropical cyclones occurred
during neutral MJO phases, indicating that a separate test could be conducted to examine the
associations only during extreme (enhanced and suppressed convection) MJO phases. Second,
an equal number of major tropical cyclones in the Atlantic basin occurred during enhanced MJO
phases as in the suppressed MJO phases, while both the EPAC and WPAC show a ratio of 3-to-1
enhanced-to-suppressed during the same time period. This indicates a removal of the Atlantic
basin may produce more robust results.
When the neutral MJO phases were removed, chi-squared tests produced a slightly more
robust p-value of 0.18, but certainly these results are still far from being statistically significant.
Therefore, it can be concluded that extremes of the MJO (enhanced and suppressed phases) are
not associated with variability in cross-basin major tropical cyclone frequencies.
b. MJO and Cross-basin Associations with Time
While this study found no statistically significant associations between MJO phase and basinwide major tropical cyclone frequencies, chi-squared testing did reveal some associations
through time. Annual frequencies of major tropical cyclones appear to be affected by MJO
phase preferentially in some years/basins over others, as indicated by a p-value of 9.0E-6.
However, when neutral MJO phases are removed from the testing, the results identify no
significant association between annual frequencies of cyclogenesis for major tropical cyclones
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by basin during extreme (enhanced and suppressed) MJO phases, as indicated by a p-value of
0.13. The results of these two tests suggest that differences in annual major tropical cyclone
frequencies basin-wide are driven primarily by the neutral phase of the MJO.
Table 4.1 Summary of chi-squared test results
Variables

Null Hypothesis (H0)

P-value

Interpretation

All Basins vs. All MJO
Phases

MJO phase is not associated
with variability in basin-wide
major tropical cyclone
frequencies.

0.3802

H0 cannot be rejected

All Basins vs.
Favorable/Unfavorable
MJO Phases

Extremes of the MJO are not
associated with variability in
basin-wide major tropical
cyclone frequencies.

0.1823

H0 cannot be rejected

Time vs. All MJO Phases
for All Basins

Annual frequencies of
cyclogenesis for major
tropical cyclones are not
affected by MJO phase
preferentially in some basins
over others.

9.0E-6

H0 is rejected

Time vs.
Favorable/Unfavorable
MJO Phases for All Basins

Annual frequencies of
cyclogenesis for major
tropical cyclones are not
affected by extreme MJO
phases preferentially in some
basins over others.

Time vs. All MJO Phases
for All Atlantic Hurricanes

Annual frequencies of
Atlantic hurricanes are not
associated with MJO phase.

0.0143

H0 is rejected

Time vs.
Favorable/Unfavorable
MJO Phases for All
Atlantic Hurricanes

Annual frequencies of
Atlantic hurricanes are not
associated with extreme MJO
phases.

0.2533

H0 cannot be rejected

Time vs. All MJO Phases
for Major Atlantic
Hurricanes

Annual frequencies of major
Atlantic hurricanes are not
associated with MJO phase.

0.1811

H0 cannot be rejected

Time vs.
Favorable/Unfavorable
MJO Phases for Major
Atlantic Hurricanes

Annual frequencies of major
Atlantic hurricanes are not
associated with extreme MJO
phases.

0.9964

H0 cannot be rejected

0.3802

H0 cannot be rejected

(table continued on next page)
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Variables

Null Hypothesis (H0)

P-value

Interpretation

Time vs. All MJO Phases
for Cat. 1-2 Atlantic
Hurricanes

Annual frequencies of Cat. 12 Atlantic hurricanes are not
associated with MJO phase.

0.0455

H0 is rejected

Time vs.
Favorable/Unfavorable
MJO Phases for Cat. 1-2
Atlantic Hurricanes

Annual frequencies of Cat. 12 Atlantic hurricanes are not
associated with extreme MJO
phases.

0.3202

H0 cannot be rejected

Location of Hurricane
Cyclogenesis in the
Atlantic vs. All MJO
Phases

MJO phase is not linked to
variability in the location of
cyclogenesis within the
Atlantic basin.

0.8567

H0 cannot be rejected

Location of Hurricane
Cyclogenesis in the
Atlantic vs.
Favorable/Unfavorable
MJO Phases

Extreme MJO phases are not
linked to variability in the
location of cyclogenesis
within the Atlantic basin.

Location of Major
Hurricane Cyclogenesis in
the Atlantic vs.
Favorable/Unfavorable
MJO Phases

Extreme MJO phases are not
linked to variability in the
location of major hurricane
cyclogenesis within the
Atlantic basin.

Time vs. All MJO Phases
for Major E. Pacific
Hurricanes

Annual frequencies of major
E. Pacific hurricanes are not
associated with MJO phase.

0.0248

H0 is rejected

Time vs.
Favorable/Unfavorable
MJO Phases for Major E.
Pacific Hurricanes

Annual frequencies of major
E. Pacific hurricanes are not
associated with extreme MJO
phases.

0.7545

H0 cannot be rejected

Time vs. All MJO Phases
for Major W. Pacific
Tropical Cyclones

Annual frequencies of major
W. Pacific tropical cyclones
are not associated with MJO
phase.

0.0022

H0 is rejected

Time vs.
Favorable/Unfavorable
MJO Phases for Major W.
Pacific Tropical Cyclones

Annual frequencies of major
E. Pacific tropical cyclones
are not associated with
extreme MJO phases.

0.1748

H0 cannot be rejected
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0.9066

0.9066

H0 cannot be rejected

H0 cannot be rejected

Figure 4.1.1 MJO Indices and Longitudes at Which Tropical Cyclones Attained Category 3-5
Status in 1978.
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Figure 4.1.2 As in Figure 4.1.1, for 1979.
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Figure 4.1.3 As in Figure 4.1.1, for 1980.
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Figure 4.1.4 As in Figure 4.1.1, for 1981.
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Figure 4.1.5 As in Figure 4.1.1, for 1982.
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Figure 4.1.6 As in Figure 4.1.1, for 1983.
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Figure 4.1.7 As in Figure 4.1.1, for 1984.
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Figure 4.1.8 As in Figure 4.1.1, for 1985.
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Figure 4.1.9 As in Figure 4.1.1, for 1986.
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Figure 4.1.10 As in Figure 4.1.1, for 1987.
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Figure 4.1.11 As in Figure 4.1.1, for 1988.
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Figure 4.1.12 As in Figure 4.1.1, for 1989.
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Figure 4.1.13 As in Figure 4.1.1, for 1990.
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Figure 4.1.14 As in Figure 4.1.1, for 1991.
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Figure 4.1.15 As in Figure 4.1.1, for 1992.
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Figure 4.1.16 As in Figure 4.1.1, for 1993.
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Figure 4.1.17 As in Figure 4.1.1, for 1994.
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Figure 4.1.18 As in Figure 4.1.1, for 1995.
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Figure 4.1.19 As in Figure 4.1.1, for 1996.
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Figure 4.1.20 As in Figure 4.1.1, for 1997.
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Figure 4.1.21 As in Figure 4.1.1, for 1998.
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Figure 4.1.22 As in Figure 4.1.1, for 1999.
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Figure 4.1.23 As in Figure 4.1.1, for 2000.
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Figure 4.1.24 As in Figure 4.1.1, for 2001.
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Figure 4.1.25 As in Figure 4.1.1, for 2002.
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Figure 4.1.26 As in Figure 4.1.1, for 2003.
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Figure 4.1.27 As in Figure 4.1.1, for 2004.
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Figure 4.1.28 As in Figure 4.1.1, for 2005.
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Figure 4.1.29 As in Figure 4.1.1, for 2006.
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c. MJO and Atlantic Basin Associations with Time
The raw numbers in this study are not able to corroborate the results of Maloney and
Hartmann (2000a). During the 1978 – 2006 period, 46 Atlantic hurricanes (Categories 1-5)
formed during enhanced MJO phases, while 43 formed during suppressed phases, indicating
almost no difference. When only major hurricanes are examined, the numbers are an exact
match, with seven each forming during the enhanced and suppressed phases of the MJO during
the same stretch. As in the case of the cross-basin numbers, the majority of Atlantic hurricanes
occurred during neutral phases of the MJO. When all Atlantic hurricanes are examined, 51
percent (92 out of 181) occurred during neutral phases. The numbers are even more pronounced
for major Atlantic hurricanes, with 81 percent (59 out of 73) occurring during neutral phases.
The reasons for the differing results in this study compared to Maloney and Hartmann (2000a)
are discussed later in this section.
While no statistically significant associations between MJO phase and overall Atlantic
hurricane frequencies were identified, results do show some significant associations (p-value =
0.01) between the MJO and annual Atlantic hurricane frequencies (Categories 1-5). The
implication is that differences in annual (i.e., interseasonal) Atlantic hurricane frequencies are
associated with the MJO. However, when only extreme MJO phases (enhanced and suppressed)
are included in the test, the association disappears, with a p-value of 0.25 resulting from the chisquared test. It should be noted that narrowing the dataset to major Atlantic hurricanes showed
no significant associations between the MJO and annual major hurricane frequencies.
Parsing the dataset in the opposite direction does produce some statistically significant results.
Looking at only Category 1 and 2 hurricanes in the Atlantic, the chi-squared test suggests that
annual frequencies are associated with MJO phase, with a p-value of 0.05.
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Figure 4.2.1 MJO indices and longitudes at which tropical cyclones attained hurricane status
(for those which only reached Category 1 or 2 strength) or major hurricane status in 1978.
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Figure 4.2.2 As in Figure 4.2.1, for 1979.
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Figure 4.2.3 As in Figure 4.2.1, for 1980.
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Figure 4.2.4 As in Figure 4.2.1, for 1981.
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Figure 4.2.5 As in Figure 4.2.1, for 1982.

66

Figure 4.2.6 As in Figure 4.2.1, for 1983.
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Figure 4.2.7 As in Figure 4.2.1, for 1984.

68

Figure 4.2.8 As in Figure 4.2.1, for 1985.
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Figure 4.2.9 As in Figure 4.2.1, for 1986.

70

Figure 4.2.10 As in Figure 4.2.1, for 1987.
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Figure 4.2.11 As in Figure 4.2.1, for 1988.
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Figure 4.2.12 As in Figure 4.2.1, for 1989.
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Figure 4.2.13 As in Figure 4.2.1, for 1990.
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Figure 4.2.14 As in Figure 4.2.1, for 1991.
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Figure 4.2.15 As in Figure 4.2.1, for 1992.
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Figure 4.2.16 As in Figure 4.2.1, for 1993.
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Figure 4.2.17 As in Figure 4.2.1, for 1994.
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Figure 4.2.18 As in Figure 4.2.1, for 1995.
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Figure 4.2.19 As in Figure 4.2.1, for 1996.
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Figure 4.2.20 As in Figure 4.2.1, for 1997.
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Figure 4.2.21 As in Figure 4.2.1, for 1998.
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Figure 4.2.22 As in Figure 4.2.1, for 1999.
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Figure 4.2.23 As in Figure 4.2.1, for 2000.
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Figure 4.2.24 As in Figure 4.2.1, for 2001.
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Figure 4.2.25 As in Figure 4.2.1, for 2002.
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Figure 4.2.26 As in Figure 4.2.1, for 2003.
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Figure 4.2.27 As in Figure 4.2.1, for 2004.
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Figure 4.2.28 As in Figure 4.2.1, for 2005.
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Figure 4.2.29 As in Figure 4.2.1, for 2006.
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However, when the neutral MJO phase is removed, the association is lost, with a p-value of 0.32.
Once again, it is shown that the neutral MJO phase seems to be most closely associated with
annual hurricane frequencies in the Atlantic basin.
d. MJO Associations to Location of Cyclogenesis within the Atlantic Basin
Except perhaps for the last result described above, the results of this study thus far have been
unable to corroborate those of Maloney and Hartmann (2000a). However, a key difference in the
two studies must be addressed – Maloney and Hartmann (2000a) only examined Atlantic
hurricanes west of 77.5°W, while to this point, this study has examined hurricanes forming in the
entire Atlantic basin. To produce a better comparison, Atlantic hurricanes were divided into two
groups – those which became Category 1 hurricanes west of 77.5°W and those reaching
hurricane strength for the first time east of 77.5°W – and further chi-squared testing was
performed.
When all MJO phases were tested against the location at which the tropical cyclone became a
hurricane within the Atlantic basin, the results still showed no significant association. The
resultant p-value of 0.86 provides no evidence that MJO phase is associated with the location at
which hurricane status was reached in the Atlantic. Removing the neutral phase of the MJO still
showed no significant associations. The resultant p-value of 0.91 provides no evidence to
indicate that extreme MJO phases are linked to variability in location of Atlantic hurricane
formation. In fact, an examination of the raw numbers shows that more hurricanes formed in the
suppressed convection phase of the MJO than the enhanced convection phase of the MJO (9 to 7
west of 77.5°W; 24 to 20 east of 77.5°W) on both sides of the dividing line.
When only major Atlantic hurricanes are examined, there is still no association found
between extreme MJO phase and cyclogenesis location within the Atlantic basin. A p-value of
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0.91 once again resulted from the chi-squared test, but the raw numbers do show some
interesting trends. Maloney and Hartmann (2000a) indicated that major hurricanes are four times
more likely to form in the western Atlantic during enhanced convection MJO phases, but this
study actually shows that only one major hurricane formed in the western Atlantic during an
enhanced phase MJO, while six formed during suppressed phases of the MJO. The numbers are
a bit different for the basin east of 77.5°W, with seven major hurricanes forming during
enhanced phases of the MJO and four forming during suppressed phases of the MJO.
e. MJO and Pacific Basin Associations with Time
The results of this study have not supported those of Maloney and Hartmann (2000a), but
statistically significant associations are found in other basins between MJO phase and annual
major tropical cyclone frequencies. Specifically, chi-squared testing reveals that MJO phase is
linked with annual EPAC major hurricane frequencies, with a p-value of 0.02. When the neutral
phase of the MJO is removed, however, no significant association is found between extreme
MJO phases and annual major EPAC hurricane frequencies, with a p-value of 0.75 calculated in
the chi-squared test. Chi-squared testing for the WPAC showed nearly identical results. MJO
phase shows an association to annual major tropical cyclone frequencies in the WPAC, with a pvalue of 2.0E-3 resulting. When the neutral MJO phase was removed, the association was lost
and the resultant p-value was 0.17. It is not surprising that a stronger association was found for
the Pacific basin than the Atlantic, because the pulse of convective activity originates in the
former basin.
The results here are somewhat similar to the Atlantic basin, but for a different subset of
tropical cyclones. In the Atlantic, Category 1 and 2 hurricanes show an association with MJO
phase, but when reduced to only extreme MJO phases, no association is found. However, major
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Atlantic hurricanes show no association with MJO phase, unlike the results shown here for major
EPAC and WPAC tropical cyclones.
f. Tropical Cyclone Frequency Variability and Other Teleconnections
Numerous studies have examined associations between teleconnection patterns and tropical
cyclone variability. The most often studied and perhaps best understood teleconnection pattern
is ENSO, including its relationship to tropical cyclone variability. While this study focuses on
the MJO, strong phases of ENSO are clearly visible in our plots of MJO indices. The CPC MJO
indices are calculated using 200 hPa velocity potential anomalies, an atmospheric variable that is
representative of upper-level divergence. Areas of enhanced upper-level divergence can be
considered a proxy for areas of enhanced convection (blue shading in Figures 4.1.1 – 4.2.29),
while areas of little upper-level divergence (or increased upper-level convergence) can be
considered a proxy for areas of suppressed convection (red shading in 4.1.1 – 4.2.29).
The strong El Niño events of 1982 and 1997 are clearly evident in Figures 4.1.5 and 4.1.20.
A pattern of suppressed convection in the western Pacific and enhanced convection in the eastern
Pacific is dominant during both hurricane seasons. Additionally, both seasons feature an abovenormal number of major hurricanes in the EPAC basin (5 and 7, respectively; average is 4) and a
below-normal number of major hurricanes in the ATL basin (1 both seasons; average is 2). The
numbers in both seasons corroborate previous research by CPC (2005) showing an increased
frequency of major hurricanes in the EPAC basin during El Niño events, and by Gray (1984a,b)
showing a decrease in hurricane frequency in the ATL basin during El Niño events.
The strong La Niña event of 1988 is also evident in the plot for that season (Figure 4.1.11),
with enhanced convection in the western Pacific and suppressed convection in the eastern Pacific
noted throughout. Again, the number of major hurricanes also reflects trends in La Niña
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influences established in previous research. The EPAC had a slightly below-average season in
terms of major hurricanes (3 occurred, 4 is the average), while the Atlantic was slightly aboveaverage (3 occurred, 2 is the average). The numbers once again corroborate the research of the
CPC (2005) and Gray (1984a).
Bove et al. (1998) reanalyzed hurricane data from 1900 to 1997 and found that while the
probability of two or more hurricanes making landfall in the U.S. during an El Niño year is only
28 percent, the probabilities are significantly higher for neutral-phase years (48 percent) and La
Niña years (66 percent). They showed similar numbers for major hurricanes, stating that (p.
2481), “the mean annual number of major U.S. [landfalling] hurricanes is 0.23 for El Niño, 0.68
for neutral conditions, and 0.95 for El Viejo [La Niña] conditions.” Indeed, the strong El Niño
and La Niña events within the 1978 - 2006 study period corroborate these results. The El Niño
years of 1982 and 1997 had no major hurricane landfalls in the U.S., while Category 4 Hurricane
Hugo made landfall in South Carolina during a La Niña year (1989).
The acknowledgment of previously-established associations between ENSO and tropical
cyclone variability is important in this study because ENSO events are clearly reflected in the
plots of MJO indices. Further investigation would be needed to determine if perhaps the shorterfrequency ENSO signal overwhelms any higher-frequency MJO signal that we are attempting to
detect within these plots. The fact that ENSO is associated with interseasonal tropical cyclone
frequencies may make intraseasonal associations between the MJO and tropical cyclone
frequencies difficult to decipher.
The Pacific/North American (PNA) pattern is another prominent mode of climatic variability
during the Northern Hemisphere winter. Potential connections between the PNA pattern and
tropical cyclone frequency variability are not yet well-understood. However, a positive
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(negative) phase PNA pattern is generally associated with El Niño (La Niña) – like conditions
(Randel 2004), leading to the hypothesis that EPAC and ATL hurricane frequencies may have
similar associations to those of ENSO. An examination of a PNA time series from the CPC
(2008) shows that the El Niño years of 1982 and 1997 were primarily in a high-index phase of
the PNA pattern during the summer months, corroborating the work done by Randel (2004).
Conversely, the La Niña year of 1997 was primarily in a low-index phase of the PNA pattern,
further supporting Randel’s (2004) association. However, it is important to note that the PNA
pattern is considered primarily a wintertime teleconnection pattern in the northern hemisphere
(Wallace and Gutzler 1981), making any possible connections with tropical cyclone variability
somewhat tenuous. Thus, it can be concluded that the PNA pattern is only indirectly associated
to tropical cyclone frequency.
The Pacific Decadal Oscillation (PDO) is defined as the leading mode of SST variability in
the Pacific north of 20°N (Mantua et al. 1997). The PDO is widely considered to be a similar
mode of climatic variability to ENSO, but occurs on longer time scales (Zhang et al. 1997;
Mantua et al. 1997; Gershunov and Barnett 1998; McCabe and Dettinger 1999). Results of this
study failed to identify potential associations between the PDO and tropical cyclone frequency
variability because the temporal resolution of a tropical season is not adequate to identify
associations to a 30-60 day oscillation in the MJO.
The Quasi-biennial Oscillation (QBO) was first identified during the early 1960s when
studies by Reed et al. (1961) and Veryard and Ebdon (1961) independently identified
temporally-alternating easterly and westerly stratospheric winds at equatorial latitudes. The
QBO has been shown to have connections to tropical cyclone frequencies in the Atlantic (Gray
1984a), but Gray’s forecast team has given the QBO less weight in its seasonal Atlantic
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hurricane forecast in recent years because the association appears somewhat weaker than in the
past (Klotzbach and Gray 2005). However, further investigation to determine whether the QBO
in any way modulates the MJO indices used in this study might prove helpful, since the
stratospheric wind anomalies associated with the QBO are thought to propagate downward with
time (Holton 1972, Naujokat 1986) and the CPC indices are constructed from 200 hPa velocity
potential anomalies.
g. Differences from Maloney and Hartmann (2000a)
This study aimed to corroborate the results of Maloney and Hartmann (2000a), but was
largely unable to do so. The results of this study do not necessarily refute those of Maloney and
Hartmann (2000a), but are more likely a result of a difference in methodology and datasets.
The first key difference between the two studies is that Maloney and Hartmann examined
tropical cyclone data from 1949-1997, while this study focused on the 1978-2006 period. The
different periods of analysis were driven by the use of different MJO indices in each study.
Maloney and Hartmann (2000a) used an MJO index defined by 850 hPa wind anomalies. The
wind data were collected from the NCEP/NCAR reanalysis dataset, with Maloney and Hartmann
defining a positive MJO index as one in which 850 hPa wind anomalies were westerly over the
eastern Pacific and Gulf of Mexico, while a negative MJO index was indicative of easterly 850
hPa wind anomalies over the same region. Maloney and Hartmann (2000a) showed that
hurricanes are four times more likely to form in the Gulf of Mexico and western Atlantic when
westerly 850 hPa wind anomalies were present, with major hurricanes showing an even greater
preference to form during these times. By contrast, this study used an MJO index calculated by
CPC using 200 hPa velocity potential anomalies calculated from 30°N to the equator. The CPC
index only dates back to 1978, thus defining the period of study here.
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It is proposed that these two key changes in methodology and datasets are likely the driving
forces behind the differing results. Additionally, because this study used an index calculated
from 200 hPa velocity potential anomalies and the MJO originates at the ocean’s surface, it is
possible that there is some sort of lag-effect that has not been deciphered in this study. In fact,
Liebmann et al. (1994) showed that cyclonic vorticity and divergence anomalies westward and
poleward of MJO cells created increased tropical activity in the Indian and western Pacific
basins. Further investigation is necessary to determine whether this is a possible explanation for
the differing results.
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V. CONCLUSION
Rapidly increasing coastal populations and soaring coastal property values necessitate a
better understanding of tropical cyclone variability on all time scales. Jarrell et al. (1992) argued
that most people overestimate their hurricane “experience level”, leading to complacency when a
storm threatens. Pielke and Landsea (1998) showed that the potential for significant monetary
losses in the U.S. has exploded in recent years for the above reasons. The 2004 and 2005
Atlantic hurricane seasons solidified this point, with seven hurricanes (Charley, Frances, Ivan,
Jeanne, Katrina, Rita, and Wilma), six of which were “major” (Category 3-5 on the SaffirSimpson scale), producing $71 - $78 billion in damage and ranking as seven of the nine costliest
storms on record for the United States (Insurance Information Institute, 2007). Given these
numbers, it seems crucial to gain a better understanding of major hurricane frequencies and the
possible climatic influences. While a great deal of research has already been done on interannual
to interdecadal scales, many questions remain about the intraseasonal variability of tropical
cyclone frequencies and intensities.
This research initially investigated potential associations between the MJO – a teleconnection
that operates on an intraseasonal scale – and tropical cyclone frequency variability in the Atlantic
basin. Maloney and Hartmann (2000a) have already shown that all hurricanes (Saffir-Simpson
1-5) are four times more likely to form in the Gulf of Mexico and western Atlantic during certain
phases of the MJO. However, because the 21 percent of the landfalling tropical cyclones in the
U.S. classified as major hurricanes (Saffir-Simpson 3-5) account for 83 percent of hurricane
damage (Pielke and Landsea, 1998), further analysis of the factors related to their formation and
trajectories is warranted.
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The results of this study did not corroborate those of Maloney and Hartmann (2000a), with
no statistically significant associations found between extreme MJO phases and intraseasonal
hurricane and major hurricane frequency variability in the Atlantic basin. This does not mean
Maloney and Hartmann’s results should be dismissed; rather, it is proposed that the differing
results between the two studies are likely a reflection of differing methodologies and differing
study periods.
While this study was unable to find any association between extreme MJO phase and
Atlantic hurricane frequency variability on an intraseasonal scale, further investigation revealed
an association between all MJO phases and interseasonal hurricane frequency variability in the
Atlantic. Somewhat surprisingly, the chi-squared test results indicated that the primary
connection between the MJO and annual Atlantic hurricane frequency variability is the neutral
phase, not the extreme phases (enhanced and suppressed convective phases) of the MJO. In fact,
during the 1978-2006 study period, the raw numbers show that Atlantic hurricanes are as likely
to form during the suppressed convection phase of the MJO as they are during the enhanced
convection phase.
Maloney and Hartmann (2000a) focused on hurricane frequency variability as it relates to the
MJO in only the Gulf of Mexico and western Atlantic. That study area seems logical
considering that previous research by Madden and Julian (1994) showed the convective clusters
associated with the MJO become more difficult to discern and track as they progress across the
Atlantic. Since our study initially investigated potential associations across the entire Atlantic
basin, the dataset was parsed to focus on the same regions as Maloney and Hartmann (2000a).
Again, however, this study was unable to corroborate Maloney and Hartmann’s results, with the
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raw numbers even showing that western Atlantic hurricanes were more likely to form during the
suppressed convection phase of the MJO during the 1978-2006 period.
After failing to corroborate the results of Maloney and Hartmann, further testing was
conducted to determine whether the MJO could be associated with tropical cyclone frequency
variability in the WPAC and EPAC basins. The results were essentially the same, with no
statistically significant associations found between the MJO and intraseasonal tropical cyclone
variability in either the WPAC or EPAC. Much as was seen with the Atlantic results, however,
associations were identified between MJO phase and interseasonal tropical cyclone frequency
variability in these basins. Again, the primary association was shown to be with the neutral MJO
phase and not the extreme phases (enhanced and suppressed convection).
The results of this study collectively indicate that more research must be conducted to
investigate the driving mechanisms behind intraseasonal tropical cyclone frequency variability.
Maloney and Hartmann (2000a) demonstrated clear associations in both the EPAC and western
Atlantic between extreme MJO phases and hurricane frequency variability. Their results indicate
that the use of an MJO index based on 850 hPa wind anomalies may be more prudent than the
CPC MJO index (which is based on 200 hPa wind anomalies) since the MJO originates in the
lower levels of the atmosphere. The CPC MJO indices may provide benefit in other research
applications, particularly if sufficiently time-lagged correlations were employed. Future research
investigating potential associations between individual CPC MJO indices and tropical cyclone
frequency variability may prove interesting since this study looked at a cross-section of all ten
CPC MJO indices.
Forecasters, emergency managers, and government officials seeking to use the MJO as a
planning tool should also realize that it is only one of numerous factors influencing tropical
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cyclone variability. Sea surface temperatures, upper-level winds, other teleconnection patterns,
and numerous other atmospheric and oceanic variables exert an influence on tropical cyclone
variability on both intraseasonal and interseasonal time scales. The proper understanding of the
MJO and other ocean-atmosphere forcing mechanisms can only aid in understanding one of the
most destructive and mysterious atmospheric phenomena.

101

REFERENCES
Allen, R.A., R. Fletcher et al. (1940). "Report on an experiment on five-day weather
forecasting.” Papers in Physical Oceanography and Meteorology 8(3): 94pp.
Anderson, J. R. and R. D. Rosen (1983). "The latitude-height structure of 40-50 day variations in
atmospheric angular-momentum." Journal of the Atmospheric Sciences 40(6): 1584-1591.
Baldwin, M. P. and T. J. Dunkerton (1999). "Propagation of the Arctic Oscillation from the
stratosphere to the troposphere." Journal of Geophysical Research-Atmospheres 104(D24):
30937-30946.
Barrett, B. S., and L.M. Leslie (2008). Relationships between the Madden-Julian Oscillation and
Atlantic-East Pacific tropical cyclone activity. 20th Conference on Climate Variability and
Change. New Orleans, LA.
Bjerknes, J. (1969). "Atmospheric teleconnections from the Equatorial Pacific." Monthly
Weather Review 97(3): 163-172.
Black, P. G., and L.K. Shay (1998). Observations of tropical cyclone intensity change due to airsea interaction processes. Symposium on Tropical Cyclone Intensity Change. Phoenix, AZ,
American Meteorological Society: 161 - 168.
Bove, M. C., J. B. Elsner, et al. (1998). "Effect of El Niño on US landfalling hurricanes,
revisited." Bulletin of the American Meteorological Society 79(11): 2477-2482.
Broecker, W. S. (1991). "Global change and oceanography programs." Science 254(5038): 15661566.
Climate Prediction Center (2005). "Frequently asked questions about El Niño and La Nina."
Retrieved February 29, 2008, from
http://www.cpc.noaa.gov/products/analysis_monitoring/ensostuff/ensofaq.shtml#HURRICANES
Climate Prediction Center (2008). "Madden-Julian indices." Retrieved February 29, 2008, from
http://www.cpc.noaa.gov/products/precip/CWlink/daily_mjo_index/mjo_index.html.
Chan, J. C. L. (1995). "Tropical cyclone activity in the Western North Pacific in relation to the
stratospheric quasi-biennial oscillation." Monthly Weather Review 123(8): 2567-2571.
Chao, Y., M. Ghil, et al. (2000). "Pacific interdecadal variability in this century's sea surface
temperatures." Geophysical Research Letters 27(15): 2261-2264.
Chu, P. S. (1984). "Time and space variability of rainfall and surface circulation in the northeast
Brazil tropical Atlantic sector." Journal of the Meteorological Society of Japan 62(2): 363-370.

102

Cook, E. R., R. D. D'Arrigo, et al. (1998). "A reconstruction of the North Atlantic Oscillation
using tree-ring chronologies from North America and Europe." Holocene 8(1): 9-17.
Courtney, J. B. (2005). "The South Pacific and southeast Indian Ocean tropical cyclone season
2002-03." Australian Meteorological Magazine 54(2): 137-150.
Elsner, J. B., K. B. Liu, et al. (2000). "Spatial variations in major US hurricane activity: Statistics
and a physical mechanism." Journal of Climate 13(13): 2293-2305.
Fearn, M. L., and K.B. Liu (1995). 3500 B.P. corn pollen from southern Alabama. 1995 Annual
Meeting Abstracts, Association of American Geographers, Chicago, IL.
Fraedrich, K., S. Pawson, et al. (1993). "An EOF analysis of the vertical time-delay structure of
the quasi-biennial oscillation." Journal of the Atmospheric Sciences 50(20): 3357-3365.
Fritts, H. C. (1991). Reconstructing Large-Scale Climatic Patterns from Tree-Ring Data: A
Diagnostic Analysis. Tucson, AZ, University of Arizona Press.
Garreaud, R. D. and D. S. Battisti (1999). "Interannual (ENSO) and interdecadal (ENSO-like)
variability in the Southern Hemisphere tropospheric circulation." Journal of Climate 12(7): 21132123.
Gershunov, A., and T.P. Barnett (1998). "Interdecadal modulation of ENSO teleconnections."
Bulletin of the American Meteorological Society 79: 2715-2726.
Goldenberg, S. B., C. W. Landsea, et al. (2001). "The recent increase in Atlantic hurricane
activity: Causes and implications." Science 293(5529): 474-479.
Gray, W.M. et al. (1984 - 2005). "Extended Range Forecast of Atlantic Seasonal Hurricane
Activity." Retrieved February 29, 2008, from http://typhoon.atmos.colostate.edu/forecasts/
Gray, W., Sheaffer, J.D., and C.W. Landsea (1997). Climate trends associated with multidecadal
variability of Atlantic hurricane activity. Hurricanes: Climate and Socioeconomic Impacts. H. F.
Diaz and R.S. Pulwarty, Springer-Verlag.
Gray, W. M. (1984a). "Atlantic seasonal hurricane frequency. 1. El-Niño and 30-mb quasibiennial oscillation influences." Monthly Weather Review 112(9): 1649-1668.
Gray, W. M. (1984b). "Atlantic seasonal hurricane frequency. 2. Forecasting its variability."
Monthly Weather Review 112(9): 1669-1683.
Gray, W. M., C. W. Landsea, et al. (1992). "Predicting Atlantic seasonal hurricane activity 6-11
months in advance." Weather and Forecasting 7(3): 440-455.
Gray, W. M., C. W. Landsea, et al. (1993). "Predicting Atlantic basin seasonal tropical cyclone
activity by 1-August." Weather and Forecasting 8(1): 73-86.
103

Gray, W. M., C. W. Landsea, et al. (1994). "Predicting Atlantic basin seasonal tropical activity
by 1 June." Weather and Forecasting 9(1): 103-115.
Gruber, A. (1974). "Wavenumber-frequency spectra of satellite-measured brightness in tropics."
Journal of the Atmospheric Sciences 31(6): 1675-1680.
Hagemeyer, B. C., and R.J. Almeida (2004) “Experiments in Seasonal Forecasting from the
ENSO Signal: Extreme Interseasonal and Intraseasonal Variability of Florida Dry Season
Storminess and Rainfall and the Role of the MJO, PNA, and NAO.”
http://www.srh.noaa.gov/mlb/enso/15th_climate_hagemeyer.pdf (accessed February 29, 2008)
Hall, J. D., A. J. Matthews, et al. (2001). "The modulation of tropical cyclone activity in the
Australian region by the Madden-Julian oscillation." Monthly Weather Review 129(12): 29702982.
Hare, S. R., N. J. Mantua, et al. (1999). "Inverse production regimes: Alaska and West Coast
Pacific salmon." Fisheries 24(1): 6-14.
Hartmann, D. L., and E.D. Maloney (2001). "The Madden-Julian Oscillation, barotropic
dynamics, and North Pacific tropical cyclone formation. Part II: Stochastic Barotropic
Modeling." Journal of the Atmospheric Sciences 58: 2559-2570.
Holton, J. R. and R. S. Lindzen (1972). "Updated theory for quasi-biennial cycle of tropical
stratosphere." Journal of the Atmospheric Sciences 29(6): 1076-1080.
Hurrell, J. W. (1995). "Decadal trends in the North-Atlantic Oscillation - Regional temperatures
and precipitation." Science 269(5224): 676-679.
Hurrell, J. W. (1996). "Influence of variations in extratropical wintertime teleconnections on
Northern Hemisphere temperature." Geophysical Research Letters 23(6): 665-668.
Hurrell, J. W., and H. van Loon (1997). "Decadal variations associated with the North Atlantic
Oscillation." Climatic Change 36: 301-326.
Insurance Information Institute (2007). "Top 15 Most Costly Hurricanes in the United States."
Retrieved February 28, 2008, from http://www.iii.org/media/facts/statsbyissue/hurricanes/.
Hurricane Research Division (2008). "Re-Analysis Project." Retrieved February 29, 2008, from
http://www.aoml.noaa.gov/hrd/hurdat/Data_Storm.html.
Intergovernmental Panel on Climate Change (2001). “Great ocean conveyor belt.” Retrieved
February 29, 2008 from http://www.ipcc.ch/graphics/graphics/2001syr/small/04.18.jpg
Jagger, T. H., J.B. Elsner, and X.-F. Niu (2001). "A dynamic probability model of hurricane
winds in coastal counties of the United States." Journal of Applied Meteorology 40: 853-863.

104

Jarrell, J. D., P.J. Hebert, and B.M. Mayfield (1992). Hurricane Experience Levels of Coastal
County Populations - Texas to Maine. NOAA. NWS-NHC-46: 152 pp.
Jones, C. (2000). "Occurrence of extreme precipitation events in California and relationships
with the Madden-Julian oscillation." Journal of Climate 13(20): 3576-3587.
Jury, M. R. (1993). "A preliminary study of climatological associations and characteristics of
tropical cyclones in the SW Indian Ocean." Meteorology and Atmospheric Physics 51(1-2): 101115.
Kiladis, G. N., and H.F. Diaz (1989). "Global climatic anomalies associated with extremes in the
Southern Oscillation." Journal of Climate 2: 1069-1090.
Klotzbach, P. J., and W.M. Gray (2005) “Extended Range Forecast of Atlantic Seasonal
Hurricane Activity and U.S. Landfall Strike Probability for 2006.” Retrieved February 29, 2008,
from http://typhoon.atmos.colostate.edu/forecasts/2005/dec2005/
Knutson, T. R., K. M. Weickmann, et al. (1986). "Global-scale intraseasonal oscillations of
outgoing longwave radiation and 250-mb zonal wind during northern hemisphere winter."
Monthly Weather Review 114(3): 605-623.
Krishnamurti, T. N. and D. Subrahmanyam (1982). "The 30-50 day mode at 850 mb during
MONEX." Journal of the Atmospheric Sciences 39(9): 2088-2095.
Lamont-Doherty Earth Observatory (2008a). “Positive NAO Index.” Retrieved February 29,
2008, from http://www.ldeo.columbia.edu/res/pi/NAO/
Lamont-Doherty Earth Observatory (2008b). “Negative NAO Index.” Retrieved February 29,
2008, from http://www.ldeo.columbia.edu/res/pi/NAO/
Landsea, C. W., W.M. Gray, et al. (1994). "Seasonal Forecasting of Atlantic Hurricane Activity."
Weather 49: 273-284.
Landsea, C. W., G. D. Bell, et al. (1998). "The extremely active 1995 Atlantic hurricane season:
Environmental conditions and verification of seasonal forecasts." Monthly Weather Review
126(5): 1174-1193.
Lawrence, D. M. and P. J. Webster (2001). "Interannual variations of the intraseasonal
oscillation in the south Asian summer monsoon region." Journal of Climate 14(13): 2910-2922.
Liebmann, B., H. H. Hendon, et al. (1994). "The relationship between tropical cyclones of the
Western Pacific and Indian Oceans and the Madden-Julian Oscillation." Journal of the
Meteorological Society of Japan 72(3): 401-412.
Liu, K. B. and M. L. Fearn (1993). "Lake-sediment record of late Holocene hurricane activities
from coastal Alabama." Geology 21(9): 793-796.
105

Liu, K. B., and M.L. Fearn (1997). Lake sediment records of Hurricane Opal and prehistoric
hurricanes from the Florida Panhandle. 22d Conf. on Hurricanes and Tropical Meteorology. Fort
Collins, CO, Amer. Meteor. Soc.: 397-398.
Liu, K. B. and M. L. Fearn (2000a). "Reconstruction of prehistoric landfall frequencies of
catastrophic hurricanes in northwestern Florida from lake sediment records." Quaternary
Research 54(2): 238-245.
Liu, K. B., and M.L. Fearn (2000b). Holocene History of Catastrophic Hurricanes and Fires
Along the U.S. Gulf Coast. XVI INQUA Congress, Reno, NV, Geological Society of America.
Lupo, A., and G. Johnston (2000). "The interannual variability of Atlantic Ocean basin hurricane
occurrence and intensity." National Weather Digest 24: 1-11.
Madden, R. A. and P. R. Julian (1971). "Detection of a 40-50 day oscillation in zonal wind in
tropical Pacific." Journal of the Atmospheric Sciences 28(5): 702-708.
Madden, R. A. and P. R. Julian (1994). "Observations of the 40-50 day tropical oscillation - A
review." Monthly Weather Review 122(5): 814-837.
Maloney, E. D. and D. L. Hartmann (2000a). "Modulation of hurricane activity in the Gulf of
Mexico by the Madden-Julian oscillation." Science 287(5460): 2002-2004.
Maloney, E. D. and D. L. Hartmann (2000b). "Modulation of eastern North Pacific hurricanes by
the Madden-Julian oscillation." Journal of Climate 13(9): 1451-1460.
Maloney, E. D., and D.L. Hartmann (2001). "The Madden-Julian Oscillation, barotropic
dynamics, and North Pacific tropical cyclone formation. Part I: Observations." Journal of the
Atmospheric Sciences 58: 2545-2558.
Mantua, N. J., S. R. Hare, et al. (1997). "A Pacific interdecadal climate oscillation with impacts
on salmon production." Bulletin of the American Meteorological Society 78(6): 1069-1079.
Mantua, N. J. and S. R. Hare (2002). "The Pacific decadal oscillation." Journal of Oceanography
58(1): 35-44.
Marshall, J., H. Johnson, et al. (2001). "A study of the interaction of the North Atlantic
oscillation with ocean circulation." Journal of Climate 14(7): 1399-1421.
McCabe, G. J., and M.D. Dettinger (1999). "Decadal variations in the strength of ENSO
teleconnections with precipitation in the western United States." International Journal of
Climatology 19: 1399-1410.
Minobe, S. (1997). "A 50-70 year climatic oscillation over the North Pacific and North
America." Geophysical Research Letters 24(6): 683-686.

106

Minobe, S. (1999). "Resonance in bidecadal and pentadecadal climate oscillations over the North
Pacific: Role in climatic regime shifts." Geophysical Research Letters 26(7): 855-858.
Minobe, S. (2000). "Spatio-temporal structure of the pentadecadal variability over the North
Pacific." Progress in Oceanography 47(2-4): 381-408.
Mo, K. C. and R. W. Higgins (1998). "Tropical convection and precipitation regimes in the
western United States." Journal of Climate 11(9): 2404-2423.
Mo, K. C. (1999). "Alternating wet and dry episodes over California and intraseasonal
oscillations." Monthly Weather Review 127(12): 2759-2776.
Mo, K. C. (2000). "Intraseasonal modulation of summer precipitation over North America."
Monthly Weather Review 128(5): 1490-1505.
Nakazawa, T. (1988). "Tropical super clusters within intraseasonal variations over the Western
Pacific." Journal of the Meteorological Society of Japan 66(6): 823-839.
Naujokat, B. (1986). "An update of the observed quasi-biennial oscillation of the stratospheric
winds over the tropics." Journal of the Atmospheric Sciences 43(17): 1873-1877.
NOAA/PMEL/TAO (2008a). “Typical ocean-atmosphere state in the Pacific.” Retrieved
February 29, 2008, from http://www.pmel.noaa.gov/tao/elnino/el-nino-story.html
NOAA/PMEL/TAO (2008b). "Ocean-atmosphere state in the Pacific during El Niño events."
Retrieved February 29, 2008, from http://www.pmel.noaa.gov/tao/elnino/el-nino-story.html
Ogallo, L. (1979). "Rainfall variability in Africa." Monthly Weather Review 107(9): 1133-1139.
Padgett, G. (2004) “Monthly Global Tropical Cyclone Summary: June, 2004.” Retrieved
February 29, 2008, from
http://www.tropicalcyclone2005.com/database/tc_summaries/2004_06_Jun.txt
Pielke, R. A., and C.W. Landsea (1998). "Normalized Hurricane Damages in the United States:
1925-1995." Weather and Forecasting 13: 621-631.
Pielke, R. A. and C. W. Landsea (1999). "La Nina, El Niño, and Atlantic hurricane damages in
the United States." Bulletin of the American Meteorological Society 80(10): 2027-2033.
Power, S., T. Casey, et al. (1999a). "Inter-decadal modulation of the impact of ENSO on
Australia." Climate Dynamics 15(5): 319-324.
Power, S., F. Tseitkin, et al. (1999b). "Decadal climate variability in Australia during the
twentieth century." International Journal of Climatology 19(2): 169-184.
Randel, W. J. (2004). "Climate - Wider connections for El Niño." Nature 431(7011): 920-921.

107

Reed, R. G., W.J. Campbell, et al. (1961). "Evidence of downward-propagating annual wind
reversal in the equatorial stratosphere." Journal of Geophysical Research 66: 813-818.
Rogers, J. C. (1984). "The association between the North Atlantic Oscillation and the Southern
Oscillation in the Northern Hemisphere." Monthly Weather Review 112(10): 1999-2015.
Rogers, J. C. (1990). "Patterns of low-frequency monthly sea-level pressure variability (18991986) and associated wave cyclone frequencies." Journal of Climate 3(12): 1364-1379.
Rogers, J. C. and M. J. McHugh (2002). "On the separability of the North Atlantic oscillation
and Arctic oscillation." Climate Dynamics 19(7): 599-608.
Rogers, J.C., J.A. Winkler, et al. (2003). “Climate.” In Geography in America at the Dawn of the
21st Century, ed. Gary L. Gaile and Cort J. Willmott, 32-46. New York: Oxford University Press.
Ropelewski, C. F., and M.S. Halpert (1989). "Precipitation patterns associated with the high
index phase of the Southern Oscillation." Journal of Climate 2: 268-284.
Rui, H. and B. Wang (1990). "Development characteristics and dynamic structure of tropical
intraseasonal convection anomalies." Journal of the Atmospheric Sciences 47(3): 357-379.
Ryoo, J.-M., D.W. Waugh, and A. Gettelman (2008). "Variability of subtropical upper
tropospheric humidity." Atmospheric Chemistry and Physics 8: 1041-1067.
Schneider, M., P.L.S. Dias et al. (2006). An Intraseasonal Analysis of Severe Cold Events in the
Center-South of Brazil in the Winter Period. Proceedings of 8 ICSHMO, Foz do Iguacu, Brazil,
INPE.
Shay, L. K., G. J. Goni, et al. (2000). "Effects of a warm oceanic feature on Hurricane Opal."
Monthly Weather Review 128(5): 1366-1383.
Shein, K. A., A. M. Waple, et al. (2006). "State of the climate in 2005." Bulletin of the American
Meteorological Society 87(6): S6-S102.
Thompson, D. W. J. and J. M. Wallace (1998). "The Arctic Oscillation signature in the
wintertime geopotential height and temperature fields." Geophysical Research Letters 25(9):
1297-1300.
Trenberth, K. E. (1997). "The definition of El Niño." Bulletin of the American Meteorological
Society 78(12): 2771-2777.
Unisys. (2008). "Hurricane/Tropical Data." Retrieved February 29, 2008, from
http://weather.unisys.com/hurricane/index.html.
van Loon, H., and J.C. Rogers (1978). "The Seesaw in Winter Temperatures between Greenland
and Northern Europe. Part I: General Description." Monthly Weather Review 106(3): 296-310.
108

Veryard, R. G., and R.A. Ebdon (1961). "Fluctuations in tropical stratospheric winds." The
Meteorological Magazine 90: 125-143.
Walker, G. T. (1928). "World Weather III." Memoirs of the Royal Meteorological Society 2: 97106.
Walker, G. T., and E.W. Bliss (1932). "World Weather V." Memoirs of the Royal
Meteorological Society 4: 53-84.
Wallace, J. M. (2000). "North Atlantic Oscillation/annular mode: Two paradigms - one
phenomenon." Quarterly Journal of the Royal Meteorological Society 126(564): 791-805.
Wallace, J. M. and D. S. Gutzler (1981). "Teleconnections in the geopotential height field during
the northern hemisphere winter." Monthly Weather Review 109(4): 784-812.
Weickmann, K. M., G. R. Lussky, et al. (1985). "Intraseasonal (30-60 day) fluctuations of
outgoing longwave radiation and 250-mb stream-function during northern winter." Monthly
Weather Review 113(6): 941-961.
Yasunari, T. (1979). "Cloudiness fluctuation associated with the northern hemisphere summer
monsoon." Journal of the Meteorological Society of Japan 57: 227-242.
Yin, Z. Y. (1994). "Moisture condition in the south-eastern USA and teleconnection patterns."
International Journal of Climatology 14(9): 947-967.
Zhang, Q., J. Gottschalck, and Y. Xue (2007). Extension of the CPC MJO Index to Forecast
Mode. 16th Conference on Applied Climatology. San Antonio, TX.
Zhang, Y., J.M. Wallace, and D.S. Battisti (1997). "ENSO-like interdecadal variability: 190093." Journal of Climate 10: 1004-1020.
Zuki, Z., and A. Lupo (2008). "Interannual variability of tropical cyclone activity in the southern
South China Sea." Journal of Geophysical Research in press.

109

VITA
Stephen Caparotta was born in New Orleans, Louisiana, and grew up in the suburb of
Metairie. He earned a Bachelor of Science degree in geography/meteorology from the
University of South Alabama in May of 1998. Stephen began his career as a broadcast
meteorologist at KPLC-TV in Lake Charles, Louisiana, in 1999. After spending two years in
Lake Charles, he accepted a similar position with WIS-TV in Columbia, South Carolina, in 2001.
Stephen spent a little more than two years in Columbia before returning to his home state and
accepting a job with WAFB-TV in Baton Rouge. He began his graduate studies at Louisiana
State University in August of 2004 and is still presently employed by WAFB-TV. He will
receive the degree of Master of Science at the May 2008 commencement.

110

